Using the general-purpose relativistic atomic structure package based on the fully relativistic multiconfiguration Dirac-Fock method, we have reported the electric dipole transition (E1) parameters such as wavelengths, weighted oscillator strengths, transition rates (or probabilities) and line strengths for 5s−5p and 5p−5d transitions in Xe 2+ . In calculations, the Breit interaction and quantum electrodynamic effects have been included as perturbations. The calculated values for energy levels including valence and core-valence correlation have been compared with other available experimental and theoretical values in literature. Our transition results can provide useful data for, in particular, experimental works in future.
Introduction
Between the noble gases, xenon has some peculiarities in spectroscopy and electron dynamics. As a mid-Z element, xenon is strongly affected by electron correlations and xenon has a rather large fine-structure splitting because of the strong spin-orbit interaction [1] . The doubly ionized xenon atom, Xe 2+ (Te-like), has the 5s 2 5p
4 ground-state configuration. The true ground level in each case is 5p 4 3 P 2 , followed by 3 P 0 , 3 P 1 , 1 D 2 and 1 S 0 in the same configuration [2] . Investigation of ionized xenon spectra is important for many reasons. Xenon has always had an important role in the development of lasers and laser techniques and is also an important element for light sources and development of lamps because of its rich emission spectrum. Te-like xenon is interesting for astrophysics as well, for example it was identified in the planetary nebula NGC 7027. Furthermore, there is an interest in spectroscopic and atomic data of xenon ions [3] . In addition, various atomic parameters such as energy levels, oscillator strengths, transition probabilities and radiative lifetimes have many important astrophysical applications. For example, transition probabilities are needed for calculating the energy transport through the star in model atmospheres and for direct analysis of stellar chemical compositions [4] .
Various atomic parameters for Xe 2+ were reported. The radiative lifetime of the 1 S 0 metastable state of Xe 2+ was measured by Walch and Knight [5] , Calamai and Johnson [6] , and Bhushan et al. [7] , and studied by Hansen and Persson [8] , Garstang [9] , and Schippers et al. [10] theoretically. Saloman [11] compiled the energy levels and observed spectral lines of the xenon atom, in all stages of ionization for which experimental * corresponding author; e-mail: skabakci@sakarya.edu.tr data were available. Andersen et al. [12] presented experimental results about cross-sections for the photoionization of 4d electrons in Xe + and Xe 2+ ions. Persson and Wahlström [13] investigated spectrum of doubly ionized xenon and compared this data with results of the Hartree-Fock calculations. Dzuba and Flambaum [14] calculated energy levels and Landé g factors for neutral xenon and all its positive ions from X II to Xe VIII. Using relativistic Hartree-Fock method, Sobral et al. [15] and Almandos et al. [4] presented astrophysical and laser studies for several xenon ions. The results of calculations of the transition probabilities of forbidden lines for a number of atoms and ions of astrophysical or laboratory interest were obtained by Osterbrock [16] . Gallardo and co-workers [17] presented the structure of the 5 2 5p 3 ( 4 S) nl level system of Xe III. Bolognesi et al. [18] measured the doubly charged states of Xe and their associated satellite states over the energy range 33-54.5 eV by threshold photoelectron-threshold photoelectron coincidence (TPEsCO) spectroscopy. Four-component implementation of the two-particle (2p) propagator as a powerful tool for calculating double-ionization spectra of systems containing heavy elements were reported by Pernpointner [19] .
In this work, the calculations have been performed by the general-purpose relativistic atomic structure package, GRASP [20] . This code includes the Breit interactions (magnetic interaction between the electrons and retardation effects of the electron-electron interaction) for relativistic effects and quantum electrodynamical (QED) contributions (self-energy and vacuum polarization). In addition, we have here taken into account the configurations including electron excitations from the valence 5p to other high sub-shell (valence correlation) and electron excitation from 5s subshell to other high subshells (core-valence correlation). Therefore the configuration set of 5s 
Calculation method
Radiative properties of atoms are described on electromagnetic transition between two states, characterized by the angular momentum and parity of the corresponding photon. Once initial and final state functions have been calculated, the radiative matrix element for radiative properties computation can be obtained from
where
is a spherical operator of rank k and parity π, and π(k) is π = (−1)
k , for an electric multipole transition or π = (−1) k+1 , for a magnetic multipole transition. The largest transition probability is for electric dipole (E1) radiation, dominated by the least factor 1/α 2 over other types of transitions (E2, M1, M2, etc.). The transition probabilities (or rates) for the emission from the upper level to the lower level is given by
where S πk is line strength,
Most experiments yield the lifetime of the upper level. In this case the sum over multipole transitions to all lower lying levels has to be taken. The lifetime, τ γ J , of upper level γ J is
The oscillator strength is a dimensionless quantity. It expresses radiation-induced electric dipole transitions between two states. For absorption, the oscillator strength is expressed by In Table II , the wavelengths, transition rates (probabilities), oscillator strengths, and line strengths for electric dipole transition (E1) for 5s 2 5p 4 −5s5p 5 and 5s 2 5p 4 −5s 2 5p 3 5d transitions in Xe 2+ have been given in the length gauge. The ratios between the transition rates in the velocity and length gauges have been also shown in the last column of the table. In the table we have only compared the wavelength values with those of NIST [21] . Other electric dipole transition parameters such as transition probabilities, oscillator strengths and line strengths are firstly presented here. Some values for wavelengths are somewhat poor. Of course our transition results need other theoretical and experimental results for comparing. But for this ion, there are no data for these transitions in literature. We have not obtained the electric dipole transition parameters for some transitions which are in NIST [21] since the oscillator strengths of these transitions are probably zero. In addition we have calculated the radiative lifetime for 1 S 0 state for ground configuration according to (4) and given in Table III . The lifetime value obtained for this state is in good agreement with those of other works [5] [6] [7] [8] [9] [10] when comparing.
Conclusion
A systematic GRASP study of the electric dipole transition parameters for 5s−5p and 5p−5d transitions in doubly ionized xenon (Xe 2+ ) has been presented. The calculations have been performed using the widely-used atomic structure package GRASP based on the multiconfiguration Dirac-Fock method. We have shown the effects of the Breit interaction and QED contributions on the levels and transitions. For energy values and wavelengths, our results are in good agreement with other results in generally. Of course our results need other theoretical, and in particular experimental, works for accuracy of results for the transitions here studied. For the transitions here reported for this ion, there are no data except wavelengths in literature. Therefore we hope that our results, in particular for transitions, will be useful for the experimental and theoretical studies in future.
